Responses of registered Holstein cows to various levels of inbreeding were examined with pedigree data supplied by the Holstein Association USA and test-day production data from 1970 through 1998 obtained from the Animal Breeding Center at Cornell University. Rate of increase in level of inbreeding has been accelerating over time, making it more difficult for producers to make matings that avoid the potentially deleterious effects of inbreeding. Milk production losses per lactation caused by inbreeding were generally 35 kg per percentage inbreeding level >0.01 but increased to 55 kg per percentage inbreeding level from 0.07 to 0.10. Somatic cell score was not affected by level of inbreeding. Inbreeding had the greatest effect on production at ages <22 mo and early in lactation. Early onset of the deleterious effects of inbreeding resulted in larger net present value losses than when effects of inbreeding occurred later. Losses were likely enhanced due to the need to freshen animals as early as possible to maximize net present value returns. Survival decreased as level of inbreeding increased and was likely to have a greater negative impact on the financial health of the dairy enterprise than production losses.
INTRODUCTION
The concept of inbreeding is based on the probability of two genes at a locus being identical by descent. Inbreeding is typically measured as the correlation between parents of an individual (21) and denoted by the symbol F. Algorithms to rapidly calculate inbreeding coefficients for large populations are available (8, 16, 18) .
Inbreeding will occur in any population unless specific measures are used to avoid the mating of related individuals. Use of the relationship matrix to predict breeding values results in a higher coefficient of relationship among top animals than occurs without considering relationships. The coefficient of relationship is directly related to the level of inbreeding under random mating. In practice, an increase in the coefficient of relationship results in increased difficulty in the selection of unrelated mates.
Estimates in the North American Holstein population indicate that the rate of inbreeding is increasing (9, 12, 20, 22, 23, 24, 25) and range from 0.03 to 0.05, assuming a base year of 1960 or before (3, 9, 12, 20, 24, 25) . Many factors have contributed to the increase in inbreeding, including heavy use of a few popular AI sires (25) . It has been reported (25) that the coefficient of relationship in the Holstein population increased more rapidly than the inbreeding coefficient, which means producers will have more difficulty making matings within breed that result in little or no inbreeding.
Increased homozygosity caused by inbreeding is associated with decreased performance. Estimates of the effect of inbreeding on milk production ranged from −9.84 kg of milk to -26.0 kg of milk per lactation for each 1% of inbreeding (1, 5, 13, 15, 19) . Estimates of the effect of inbreeding on nonproduction traits include decreased reproductive efficiency (3, 13) , decreased stayability (5, 13) , and a slight increase in SCS (10) .
The purpose of this study was to document inbreeding over time and the effects of inbreeding on production and longevity by age and stage of lactation of registered Holstein cows in the US.
MATERIALS AND METHODS
Historical pedigree data were provided by the Holstein Association USA. Production data were available from historical research data files maintained at the Animal Breeding Center (ABC) at Cornell University. This study was restricted to animals recorded in the herd book of the Holstein Association USA, which represents approximately 33.9% of the Holstein lactations in the ABC database. Holsteins recorded in the herd book were assumed to have more complete pedigree data and fewer misidentified parents. Inbreeding effects on production reported in this study were restricted to cows with observed test-day production in the ABC database with the majority being Holsteins from the northeastern US.
The pedigree data were edited to eliminate recursive or circular pedigree relationships in which an animal was born before one or both of its parents. Inbreeding calculations were performed on approximately 27,000,000 animals of all breeds using the Tier algorithm (16 Survival was defined as the binomial probability (0.0 = failed, 1.0 = succeeded) of initiating lactations two through five given lactation one. Cows must have had the opportunity to initiate lactations two through five prior to 1998 to be included in the analysis for a given lactation.
Test-Day Model
Because of potential effects of calving year, season, management, and environment on lactation performance, a linear model that described the biology of those influences was applied to the test-day production data (2, 6, 7, 14, 17) . Residuals from the test-day model (TDM) were adjusted simultaneously for herd test day, age, DIM, calendar month fresh, pregnancy status, and management effects. Test-day residuals included the random genetic cow effects and inbreeding effects.
The TDM assumed that global conditions were inappropriate for evaluating management or animals located in different herds. The model accommodated the facts that conditions vary from herd to herd as well as from environment to environment and that conditions change over time within herd. The TDM estimated within-herd biological effects such as age, DIM, and stage of pregnancy. The model used to describe milk, fat, protein, and linear SCS on test day was
where t i = test day i observed for a herd; a jk = age in months k for the observation o where j = 1,2 divided the data from each herd into halves, the oldest half of the test-day data having separate fixed effects solutions from the newest data; d jl = DIM l for test day of observation o where l = the 10-d intervals ranging from 1 to 45 for the first and second+ lactations; f jm = month of freshening m associated with observation o; c jn = pregnancy status n, where n = 1 is the first 5 mo of pregnancy, n = 2 is month 6, … , and n = 5 is months 9+ for first or second and later lactations; and e ijklmno = residual for observation o of a cow in period of pregnancy n, month fresh m, DIM l, age in months k in period j and herd test day i. The observation y is a matrix of all milk, fat, protein, or SCS observations for a cow, and the elements of y were assumed correlated. The fixed effects equations for the linear model were
where R describes the relationships among the testday observations in the vector y on a cow. For a cow tested n times, R was an n × n matrix describing the residual variance-covariance structure of the n test days for the cow. R was assumed to have an autocorrelation structure such that R/σ 2 = ρ is an autocorrelation matrix, where ρ ij is the correlation between tests i and j and equals
where t i and t j were the perpetual days for test i and j, respectively, and ρ = 0.73, 0.58, 0.69, and 0.65 (6, 7) for test-day milk, fat, protein, and SCS, respectively. The model was fit to the data, and residuals were obtained as e = y -X′β. The residuals were standardized to a common variance for all test days.
The TDM residuals were analyzed using analysis of variance. The model used to describe the TDM residuals for milk, fat, protein, and SCS on test day was
where s i = effect of herd i(absorbed); t j = effect of year j; a kl = age in months k by level of inbreeding l for observation m; or a kl = days in milk k for a lactation (one through four) by the level of inbreeding l for observation m, depending on the effect being studied; and e ijklm = residual for the TDM residual m with level of inbreeding l, age in months k, or DIM in year j and observed in herd i.
RESULTS
General characteristics of the data over years are presented by year of freshening ( Table 1 ). The inbreed- ing value in 1998 (0.042) was the average inbreeding of cows with fresh dates in 1998 recorded in the ABC database. Level of inbreeding increased slowly throughout the 1970s, with an average increase of 0.04% per year. The rate of inbreeding increased dramatically in the 1980s, with an average yearly increase of 0.12% per year. The rate of increase from 1990 through 1998 continued to increase annually by 0.20%. Inbreeding levels reported in Table 2 (values for F = 0.11 to 0.15 were averaged and labeled as 0.128, 0.16 Dairy producers in the US have employed the domestic AI program as a routine management tool to enhance production and profits. Because of previously documented deleterious effects of inbreeding, the corresponding increase in inbreeding in Table 1 is a potential inhibitor of added profit. Table 3 presents estimates of the daily and annual production losses per cow for various levels of inbreeding. The 305-d lactation losses are the product of daily losses times 305. The standard errors for milk showed highly significant differences from the base group of F = 0.0. Production losses associated with each level of inbreeding showed a continual increase as inbreeding increased. However, production losses did not appear to follow a linear or logarithmic trend. Losses for the F = 0.02 to 0.06 range increased by 35 kg per lactation per percentage F, but loss per percentage of inbreeding increased to 55 kg per lactation for inbreeding in the 7 to 10% range. The increase per percentage of inbreeding returned to the 35-kg level for inbreeding >10%. This result appears to be in agreement with previous studies (4, 11) in which five classes of inbreeding were examined.
Inbreeding Effects on Production
The average Holstein freshening in 1998 was depressed by approximately 0.38 kg of milk per day, which is equivalent to 116 kg of milk for a 305-d lactation. This result was greater than earlier studies (4, 11) but in agreement with a more recent study by Smith et al. (13) .
Daily production of fat and protein also exhibited a continually increasing depression as the level of inbreeding increased. The increase per percentage of inbreeding appeared to be variable and did not exhibit a discernible peak area as was observed for milk production.
The effect of inbreeding on SCS had no obvious trend and was assumed to be zero. This result agreed with the work of Smith et al. (13) but was in contrast with Miglior et al. (10) , who reported an effect of 0.012 per percentage inbreeding on linear SCS.
Inbreeding Effects on Age
General effects of inbreeding on milk production by age on test-day milk production are in Figure 1 . Stan- dard errors for F = 0.01 ranged from 0.25 kg of milk at 20 mo of age to 0.02 kg of milk at 32 mo of age, whereas standard errors for F = 0.264 ranged from 1.98 kg of milk at 20 mo of age to 0.25 kg of milk at 32 mo of age. Daily milk production appeared to be more depressed by inbreeding at early ages of calving (20 and 21 mo). In addition, higher levels of inbreeding appeared to be associated with greater losses at all ages. However, cows with low levels of inbreeding (0.01 to 0.05) for ages 22 to approximately 55 mo appeared to be at no disadvantage and possibly had an advantage when compared with noninbred cows. The largest penalty from inbreeding occurred early in life, indicating the possibility that cows with high inbreeding mature slower or are less fit at young ages. Similar results were observed for fat and protein yields.
Inbreeding Effects on Lactation
Effects of inbreeding on daily milk production for first lactation are in Figure 2 . High levels of inbreeding had the largest deleterious effect in early lactation, which probably inhibited peak yield. Effects of low levels of inbreeding were actually slightly beneficial for some levels of DIM. For example, F = 0.03 showed losses up to 60 DIM but a benefit for 70 to 270 DIM. After peak yield, the effect of inbreeding on daily milk production was small for inbreeding levels >0.06. Similar results were observed for lactations two and three.
Age at Calving
Age at calving for lactations greater than one is a composite of age at first calving and calving interval. The ages in days at calving were analyzed with Model 2. The averages for age at calving for each lactation by year are in Table 4 . Since 1970, the average age at first calving has decreased by more than 55 d. The reduction in age at calving decreased across lactation number and appeared to be lost by the lactation four.
Effects of inbreeding on age at calving from Model 2 are in Figure 3 . Levels of inbreeding above 0.10 were clearly associated with older ages at calving. However, low to moderate levels of inbreeding (<0.07) appeared to be associated with the lowest ages at calving, about 3 to 5 d less than noninbred animals.
Lactation Length
Average lengths of lactations one through four are in Figure 4 . To ensure that all animals had the opportunity to complete their lactations, only lactations initi-ated before 1/1/1997 were included in the analysis. While average lactation length increased slightly from 1970 to 1996, extended calving intervals were not evident following the introduction of bST in 1994, as has been postulated (17) . Estimates of effects of inbreeding on lactation length with Model 2 are in Figure 5 . Lactation length within a herd appeared to decrease for cows with high levels of inbreeding. The DIM for low to moderate levels of inbreeding increased slightly, comparable to that previously reported for age at calving.
Survival
Average survival rates have decreased for all lactations since the mid 1970s ( Figure 6 ). Average probabili- ties of survival by inbreeding level for lactations two through five in Figure 7 show that average survival appears to decrease with level of inbreeding for all lactations. Figure 8 presents solutions from Model 2 for survival. Survival decreased consistently for increased levels of inbreeding for all lactations.
DISCUSSION
The average level of inbreeding increased geometrically ( Table 1) . The average Holstein freshening in 1998 in the northeastern US was inbred 4.2%.
Analysis of TDM production and SCS residuals using Model 2, without age at calving or stage of lactation in the model, produced estimates of an overall effect of inbreeding on daily production (Table 3) . Production losses for F = 0.01 were small at 3 kg for a 305-d lactation. Inbreeding losses increased by 35 kg per percentage of inbreeding for F = 0.02 to 0.06 followed by a larger increase of 55 kg per percentage of inbreeding for F = 0.07 to 0.10. Losses for F ≥ 0.08 resulted in losses of at least 300 kg, up to a maximum of 708 kg for inbreeding in the 0.21+ category. These results indicated that even small levels of inbreeding have a detrimental effect on Holsteins and that high levels of inbreeding should be avoided unless the genetic potential of the mating is great.
Journal of Dairy Science Vol. 83, No. 8, 2000 The heavy use of popular sires as both herd sires and sires of sons for the AI breeding program is likely the underlying cause for increased inbreeding in Holsteins in the US. The limited number of bulls used as sires of sons and the tendency of the relationship matrix to cluster related individuals at the top of the breeding value ranking are significant contributors to the geometric increase in inbreeding. Although production loss caused by inbreeding partially offsets potential genetic gains, the loss caused by mild inbreeding was a fraction of the possible gains through AI.
The negative effects of inbreeding on production would result in minimal economic losses on a net present value basis if the deleterious effects of inbreeding occurred later in an animal's productive life. The results in Figure 1 show a tendency for the deleterious effects of inbreeding to have a major impact on the youngest animals. Early inbreeding losses resulted in a "Catch-22" situation for the financial health of the dairy enterprise, whereby early calving was strongly rewarded on a net present value basis but penalized if inbreeding was present. Results for fat and protein losses because of inbreeding showed a similar trend.
Results in Figure 2 support the hypothesis that the greatest economic losses due to high levels of inbreeding occurred early in the first lactation, mostly prior to or at peak production. Mild inbreeding appeared to have a negligible, and possibly a beneficial, effect on test-day production after the peak of lactation. The combined results of Figures 1 and 2 indicated that the major negative consequences of inbreeding occurred early in life and early in lactation.
The effect of inbreeding on longevity was investigated by analyzing survival as a binomial trait and as age in days at calving. The average age at first calving declined by nearly 60 d since the 1970s (Figure 4 ). Corresponding reductions in age at freshening were approximately 30 d for lactation two and 20 d for lactation three. A decline in age at fourth freshening was not readily observable. This pattern was similar to that observed for Jerseys. Producers apparently experience more reproductive problems in cows or delay the onset of breeding.
The effects of inbreeding on age at calving ( Figure 5 ) show high levels of inbreeding >0.10 caused an increase in age at calving for lactations one through four. These high levels of inbreeding were associated with 7 to 26 additional d of age at calving, depending upon inbreeding level and lactation. The overall effect of inbreeding on age at calving was relatively constant across lactations with small decreases in age for low levels of inbreeding and increased age for the highest levels of inbreeding.
Average length of lactation ( Figure 6 ) for lactations one through four has changed little since 1970. However, high levels of inbreeding clearly reduced the lactation length for all lactations (Figure 7 ). Low to moderate inbred animals actually had increased lactation length compared with noninbred animals. Average survival probabilities are in Figure 8 for lactations two through six by inbreeding level for animals with a first lactation in the database. A decrease in survival was associated with increased levels of inbreeding for all lactations studied. Decreased survival estimates within herd and year (Figure 8 ) indicated a consistent pattern of fewer productive lactations for inbred animals compared with noninbred animals.
Inbreeding-related losses in survival and production represent a major challenge to the genetic programs of the US dairy industry. At the current rate of inbreeding, production losses represent less than 1% of gross income for the average Holstein female. Survival losses likely represent a greater economic burden to producers because of the high cost of replacements.
Accurate recording of parents of cows is less than perfect, and the impact of errors in parent identification are unknown. If most animals with pedigree errors end up in the noninbred category, even though they are biologically inbred, interpretation of the results in Figures 1 and 2 becomes difficult. However, differences between inbred categories would still be valid.
CONCLUSIONS
Analysis of over 38,000,000 test-day records of registered Holstein cows clearly demonstrated a significant loss in productivity, and survival was associated with increased levels of inbreeding. Inbreeding levels have increased geometrically over the last 10 yr. The largest production losses because of inbreeding occurred early in life and at early stages of the lactation. Losses in fat and protein were proportional to losses in milk production. The SCS did not appear to be affected by inbreeding.
Inbreeding levels >0.10 showed rather large increases in age at calving of up to 26 d. Similarly, lactation length decreased by 2 to 8 d with levels of inbreeding >0.10. Survival was reduced for all levels of inbreeding and may represent the greatest economic loss from inbreeding.
